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The facultative aerobic bacterium Shewanella frigidimarina
produces a small c-type tetrahaem cytochrome (86 residues)
under anaerobic growth conditions. This protein is involved in
the respiration of iron and shares 42% sequence identity with the
N-terminal domain of a soluble flavocytochrome, isolated from
the periplasm of the same bacterium, which also contains four c-
type haem groups. The thermodynamic properties of the redox
centres and of an ionizable centre in the tetrahaem cytochrome
were determined usingNMRand visible spectroscopy techniques.
This is the first detailed thermodynamic study performed on a
tetrahaem cytochrome isolated from a facultative aerobic bac-
terium and reveals that this protein presents unique features. The
redox centres have negative and different redox potentials, which
are modulated by redox interactions between the four haems
(covering a range of 8–56 mV) and by redox–Bohr interactions
between the haems and an ionizable centre (®4 to ®36 mV)
INTRODUCTION
The respiratory processes in bacteria are extremely flexible and
diverse, reflecting the ability of these micro-organisms to adapt
to a variety of environments, with a major impact in the global
environment including central roles in several biogeochemical
cycles [1–3]. Intimately correlated with the bacterial respiratory
flexibility, Nature has selected different electron transfer proteins
that modulate the spatial disposition of the cofactors and their
affinity for electrons [4]. Multihaem proteins in general, and
small tetrahaem cytochromes in particular, are good examples of
such selectivity and modulation of the properties of redox centres
by protein polypeptide chains and have been studied extensively
as model proteins [5–7].
All small monomeric tetrahaem cytochromes described in the
literature during the last decades were isolated from anaerobic
bacteria belonging to the Desulfovibrionacea family and contain
approx. 30 residues per haem group [6,8–11]. Ensembles of only
four haem groups are also found in much larger and complex
proteins such as in the N-terminal domain of flavocytochromes
c
$
[12,13], in the tetrahaem cytochrome subunit of the Rhodo-
Abbreviations used: NOESY, nuclear Overhauser enhancement spectroscopy ; Sfc, Shewanella frigidimarina NCIMB400 tetrahaem cytochrome;
Sffcc3, Shewanella frigidimarina NCIMB400 flavocytochrome c3 ; Soc, Shewanella oneidensis MR-1 tetrahaem cytochrome.
1 To whom correspondence should be addressed, at the Instituto de Tecnologia Quı!mica e Biolo! gica, Universidade Nova de Lisboa (e-mail
cas!itqb.unl.pt).
located in close proximity to haem III. All of the interactions
between the five centres are clearly dominated by electrostatic
effects and the microscopic reduction potential of haem III is
the one most affected by the oxidation of the other haems and
by the protonation state of the molecule. Altogether, this
study indicates that the tetrahaem cytochrome isolated from
S. frigidimarina (Sfc) has the thermodynamic properties to work
as an electron wire between its redox partners. Considering the
high degree of sequence identity between Sfc and the cytochrome
domain of flavocytochrome c
$
, the structural similarities of the
haem core, and that the macroscopic potentials are also identical,
the results obtained in this work are rationalized in order to put
forward a putative redox model for flavocytochrome c
$
.
Key words: electron transfer protein, multihaem, NMR, para-
magnetic shift.
pseudomonas iridis photosynthetic reaction centre [14] and also
in cytochrome c
&&%
, isolated from Nitrosomonas europaea ([15,16]
and references therein).
The finding of a small tetrahaem cytochrome in a facultative
aerobic bacterium belonging to the Shewanella genus revealed
that this type of electron transfer protein is more widespread in
Nature than previously thought and that these proteins may play
a fundamental and ubiquitous role in the bacterial bioenergetic
processes [17–19].
Shewanella spp. constitutes a remarkable example of res-
piratory flexibility, with the capacity to use a variety of
compounds, including insoluble minerals, as terminal electron
acceptors [20,21]. Shewanella bacteria respiring on Fe(III) must
surpass the difficulty inherent in the use of a respiratory com-
pound with a low solubility in aqueous solutions [e.g. Fe
(hydr)oxides] at physiological pH values. Apparently, these
bacteria overcome this problem by releasing soluble quinones
that can carry electrons from the cell surface to Fe(III) oxide
[22,23] and by producing a variety of multihaem c-type cyto-
chromes, located in the periplasmic space and outer membrane
[24–29]. The precise mechanism of Fe(III) reduction and its
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connection with such multihaem cytochromes are not yet
elucidated. However, it was shown by gene disruption that a
small tetrahaem cytochrome isolated from Shewanella frigidi-
marina NCIMB400 (Sfc) containing only 86 residues is indeed
involved in iron respiration [18].
The solution structure of the haem core, the specific axial
ligands and the haem order of oxidation of the haems in Sfc were
determined by NMR spectroscopy [30]. The linear architecture
and topology of the Sfc haem groups are similar to that found in
the flavocytochrome c
$
N-terminal cytochrome domain of S.





63.8 kDa periplasmic enzyme with unidirectional fumarate re-
ductase activity [31], isolated from S. frigidimarina. It is also
displayed in four of the five haem groups of the NrfA-type nitrite
reductase isolated from Sulfurospirillum deleyianum [32] and
hydroxylamine oxidoreductase [33].
The occurrence of interactions between the closely arranged
redox centres (homotropic co-operativity) in the multihaem
cytochromes c
$
from sulphate-reducing bacteria has been
described [34–42]. Heterotropic co-operativity, involving
modulation of the haem microscopic reduction potentials by
pH changes (redox–Bohr effect), has also been reported for these
proteins [34–42]. This network of redox and redox–Bohr co-
operativities allows type I tetrahaem cytochromes c
$
from
sulphate-reducing bacteria to couple the transfer of electrons and
protons, performing energy transduction [39,43]. To study such
co-operative mechanisms in multicentre electron transfer pro-
teins, it is necessary to obtain thermodynamic information for
each redox centre. Our current ability to conduct a detailed
analysis of the microscopic redox properties of multihaem
proteins relies on NMR data and is limited to the analysis of
small proteins [36,39,40,42,44]. This is a consequence of the
degradation of spectral quality as the molecular mass increases
and}or of the dramatic increase in the number of experimental
parameters to be determined as the complexity of the system
increases.
This study presents the first detailed thermodynamic charac-
terization of a tetrahaem cytochrome isolated from facultative
aerobic bacteria. The thermodynamic properties observed for
Sfc are rationalized in terms of a putative redox functional model
for flavocytochrome c
$
isolated from the same micro-organism.
MATERIALS AND METHODS
Bacterial growth and protein purification
S. frigidimarina NCIMB400 cells were grown and tetrahaem
cytochrome was purified as described previously [18].
NMR sample preparation
For NMR experiments the protein was lyophilized twice with
#H
#
O (99.9% atom) and then dissolved in approx. 500 µl
of #H
#
O (99.96% atom) to a final concentration of 1 mM.
Identical NMR spectra (results not shown) were obtained before
and after the lyophilization, showing that the protein structure
was not affected.
The ionic strength was adjusted to approx. 100 mM by addition
of NaCl in #H
#
O. The pH was adjusted by addition of small
amounts of NaO#H or #HCl. In the reduced and intermediate
stages of oxidation the pH was adjusted inside an anaerobic
glove box (Mbraun MB 150 I) with argon circulation to avoid
reoxidation of the sample. The pH values reported are direct
meter readings without correction for the isotope effect [45].
Complete reduction of the sample was achieved by the reaction
with gaseous hydrogen in the presence of catalytic amounts of
the enzyme hydrogenase (isolated from Desulfoibrio gigas and
Desulfoibrio ulgaris). Partially oxidized samples were obtained
by first flushing out the hydrogen from the reduced sample with
argon and then adding controlled amounts of air into the NMR
tube with a syringe through the serum caps.
NMR spectroscopy of partially oxidized samples
All "H-NMR spectra were obtained in a 500 MHz Bruker
DRX500 spectrometer equipped with a 5 mm inverse detection
probe head with internal B
!
gradient coils and a Eurotherm 818
temperature-control unit.
To establish the complete pattern of oxidation for each haem
methyl group at each pH, several nuclear Overhauser enhance-
ment spectroscopy (NOESY) experiments with 25 ms mixing
time and rotating-frame Overhauser enhancement spectroscopy
(‘ROESY’) experiments with 10 ms spin-lock pulse were col-





were recorded, spanning a sweep width of 38 kHz, with
128 scans}increment.
Due to the difficulty in distinguishing some of the haem methyl
groups unequivocally at earlier stages of oxidation, NOESY
spectra were also acquired with a sweep width of 9 kHz. In these
experiments equilibrium was established between molecules com-
pletely reduced and molecules with only one haem reduced.
Using a smaller sweep width, the spectra digital resolution
increases and the signals of the haem methyl groups in earlier
stages of oxidation were easier to identify. The NOESY exper-
iments in the intermediate states of oxidation were performed at
298 K in the pH range 5.5–8.5. In all experiments a selective
pulse of 800 ms was used for water pre-saturation.
Chemical shifts are reported in parts per million (p.p.m.), and
the proton spectra were calibrated using the water signal as an
internal reference. All values are reported relative to tetra-
methylsilane.
The XEASY program [46] was used to visualize the two-
dimensional NMR spectra obtained.
Redox titrations followed by visible spectroscopy
Anaerobic redox titrations followed by visible spectroscopy were
performed as described previously [40] with approx. 8 µM protein
solutions in 100 mM Tris}maleate buffer at pH 6.9 and 7.9. For
each pH value the redox titrations were repeated three times to
ensure reproducibility, in both oxidative and reductive directions
to check for hysteresis. To ensure a good equilibrium between
the redox centres and the working electrode [47], a mixture of the
following redox mediators was added to the protein solution, all
at approx. 2 µM final concentration: Methylene Blue, gallo-
cyanine, Indigo Tetrasulphonate, Indigo Trisulphonate, Indigo
Disulphonate, anthraquinone-2,7-disulphonate, 2-hydroxy-1,4-
naphthoquinone, anthraquinone-2-sulphonate, safranine O,
diquat, benzylviologen, Neutral Red and methylviologen.
The solution potentials were measured using a combined
Pt}Ag}AgCl electrode, and the visible spectra were recorded at
298³1 K in a Shimadzu UV-1203 spectrophotometer, placed
inside an anaerobic glove box.
The reduced fraction of the Sfc was determined using the α
band peak at 552 nm. The optical contribution of the mediators
was subtracted by measuring the height of the peak at 552 nm
relative to the straight line connecting the two isosbestic points
(542 and 560 nm) flanking the α band according to the method of
Catarino [48].
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Thermodynamic modelling
The thermodynamic model developed by Turner et al. [36],
which considers five interacting charged centres, four haem
groups and one ionizable centre, was used to fit simultaneously
the NMR and visible data set. This thermodynamic model
defines the energies of oxidation of the four haems and the
energy of deprotonation of one acid–base centre. These are
further modulated by pairwise interaction energies among the
various charged ligands of the macromolecule. Thus such a
model is independent of the structure of the macromolecule and
of the chemical nature of the ligands, which makes it generally
applicable. The model was successfully applied to the study of
proteins of various degrees of complexity : four haems and one
ionizable centre [36,37,39,42], four haems and two ionizable
centres [40] and three haems and one ionizable centre [49],
showing the broad applicability of the model.
RESULTS
NMR spectra of partially oxidized samples of Sfc show that this
protein exhibits fast intramolecular and slow intermolecular
electron-exchange rates on the NMR time scale under the
experimental conditions used. In fact, any haem substituent
displays five discrete NMR signals, which correspond to each of
the five possible macroscopic oxidation stages that comprise
microstates with the same number (0–4) of oxidized haems
[34,36,50]. Under these experimental conditions, the paramag-
netic chemical shift of each haem substituent in each oxidation
stage is directly proportional to the degree of oxidation of that
particular haem [34] and can be used to monitor the oxidation of
the haem throughout the redox titration. However, haem sub-
stituents that are close to neighbouring haem groups have an
additional contribution to their observed chemical shifts due to





*, Stage 1 of oxidation ; D, stage 2 ; x, stage 3 ; ^, stage 4. The chemical shift of the haem methyl groups in the fully reduced stage are not plotted since they are unaffected by pH.
Chemical shifts are 3.24 (181CH3
I), 3.52 (121CH3
II), 1.89 (21CH3
III) and 3.32 (181CH3
IV) p.p.m.
Figure 2 Reduced fraction of Sfc determined by visible spectroscopy at
pH 6.9 (*) and 7.9 (D)
(A) Solid lines are the result of the simultaneous fitting of the NMR (see Figure 1) and visible
data. (B) Reduced fraction residuals for each curve represented in (A).
the oxidation of the neighbouring haems (the extrinsic para-
magnetic shifts) and consequently are not suitable to follow










indicating the haem by the order of attachment to the polypeptide
chain) were chosen to follow the individual haem oxidation since
these substituents were shown to have negligible extrinsic con-
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Table 1 Thermodynamic parameters determined for Sfc by fitting the NMR
and visible data to the model of charged interacting centres
(A) Diagonal terms (in bold) represent the oxidation energies of the four haems and the
deprotonating energies for the ionizable centre in the fully reduced and protonated protein. The
off-diagonal elements represent the redox and redox–Bohr interaction energies between the five
centres. Standard errors are given in parentheses. (B) Sfc macroscopic pKa values for the
five stages of oxidation, from the fully reduced protein (stage 0) to the fully oxidized (stage 4).
(A)
Energy (meV)
Haem I Haem II Haem III Haem IV
Ionizable
centre
Haem I ®190(3) 22(1) 11(1) 9(1) ®9(2)
Haem II ®212(3) 56(2) 8(1) ®11(2)
Haem III ®199(3) 42(2) ®36(2)




Stage 0 Stage 1 Stage 2 Stage 3 Stage 4
7.5 7.3 7.1 6.9 6.5
tributions to their chemical shifts [30]. Thus the percentages of
oxidation at pH 6.5 and 298 K [30] in each stage of oxidation
were 10.5% (stage 1), 35.3% (stage 2) and 91.2% (stage 3) for
haem I; 26.4%, 63.1% and 82.2% for haem II; 16.4%, 22.7%
and 36.0% for haem III ; and 46.2%, 83.0% and 95.2% for
haem IV.
The pH dependence of the paramagnetic chemical shifts of
each haem methyl group in the pH range 5.5–8.5, and the data
obtained for redox titrations followed by visible spectroscopy at
pH 6.9 and 7.9, were used to monitor the thermodynamic
properties of Sfc.
The fittings of both NMR and visible data are reported in
Figures 1 and 2, respectively. The experimental uncertainty of
the NMR data was estimated from the line width of each NMR
signal, and the visible data points were given an uncertainty of
3% of the total optical signal. The thermodynamic parameters
obtained for Sfc are listed in Table 1, together with the
macroscopic pK
a
values for the five stages of oxidation.
DISCUSSION
The quality of the fittings obtained for the pH dependence of the
paramagnetic chemical shifts of the methyl groups (Figure 1),
and the redox titrations followed by visible spectroscopy (Figure
2), clearly shows that the thermodynamic model used is ap-
propriate to describe the properties of Sfc. The thermodynamic
parameters obtained show that the microscopic reduction poten-
tials of each haem are negative, as expected for bis-histidinyl-
ligated haem groups exposed to the solvent ([51] and references
therein). The interaction energy for each pair of haems is positive,
indicating that the oxidation of a particular haem renders the
oxidation of its neighbours more difficult (negative homo-
cooperativity). On the other hand, the interaction energies
between the haems and the acid–base centre are negative (positive
hetero-cooperativity), i.e. the oxidation of the haems facilitates
the deprotonation of the acid–base centre, and vice versa.
Since the spatial arrangement of the four haems in the structure
is known [30], the magnitude of the interaction energy between
Figure 3 Distance dependence of the pairwise interaction energies between
the iron centres
The line was calculated for an exponentially decaying Coulomb interaction considering an
effective dielectric constant of 8.6 (0.6 ; S.E.) and Debye length of 7.7 (0.3) AI .
each pair of haems can be correlated with the respective distance
(Figure 3). Considering the interactions as shielded electrostatic
effects [52], experimental data were fitted with an effective
dielectric constant of 8.6 (0.6 ; S.E.) and Debye length of
7.7 (0.3) AI . Although empirical, both these values are within
a reasonable range for the experimental conditions used [53]. The
quality of the fit obtained clearly indicates that electrostatic
effects rather than conformational changes between redox stages
dominate all pairwise interaction energies between the haems.
The analysis of the relative microscopic reduction potentials of
each haem group (Table 1A) shows that haem IV has the lowest
redox potential in the reduced and protonated protein, followed
by haems II, III and I. However, the negative homo-coopera-
tivities between the haem groups alter the affinity of each redox
centre along the oxidation steps of the cytochrome such that
their apparent midpoint reduction potentials (i.e. the point at
which the oxidized and reduced fractions of each haem group are
equally populated), E app
m
, vary. In fact, the order of the apparent
midpoint reduction potentials is IV, II, I, III (Figure 4A). The
profile of oxidation of the haem groups is shown in Figure 4,
where several crossovers between the individual curves occur,
clearly indicating that the affinity of each redox centre is tuned by
neighbouring haem groups. The effect of the negative homo-
cooperativities between haem groups is particularly marked for
haem III. Indeed, it has redox interactions of 11, 56 and 42 mV
with haems I, II and IV, respectively, which lead to an increase
in the reduction potential of 109 mV as oxidation of the other
haems progresses. Thus the oxidation profile of this haem is
affected extensively by the oxidation of neighbouring haems so
that it becomes the haem with highest E app
m
(Figure 4).
The comparison of individual haem oxidation profiles calcu-
lated for different pH values show that the relative order for
E app
m
remains unaltered in the pH range 5.5–8.5 (Figure 4).
Nonetheless, the oxidation profile of each haem group in the
early stages of oxidation is clearly affected by pH, reflecting
mainly the modulation of the microscopic reduction potential of
haem III. In fact, the oxidation curve of haem III is most affected
by pH due to it having the highest heterotropic co-operativity,
which also suggests that the ionizable centre is located close to
this haem group (Table 1A). Consequently, the E app
m
of haem III
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Figure 4 Oxidized fractions of the individual haems of Sfc at pH 5.5 (A), 7.0
(B) and 8.5 (C)
The curves were calculated as a function of the solution reduction potential using the parameters
listed in Table 1.
approaches that of the other haem groups as the solution pH
increases (Figure 4). The pH control of the electron affinity of
haem III also has a dramatic effect on the overall population
of each intermediate oxidation stage (Figure 5). Indeed, the rela-
tive populations with haem III oxidized in the fully protonated
protein (Figure 5A) are much smaller than those in the fully
deprotonated protein (Figure 5B). Altogether, the thermo-
dynamic results obtained for Sfc and the important homo-
and hetero-cooperativities displayed by haem III indicate that
this haem plays an important role in the redox cycle of this
electron transfer protein.
The analysis of the redox titrations, followed by visible
spectroscopy at pH 6.9 and 7.9, shows a small separation between
the two curves (approx. 5 mV; Figure 2). Thus the global
redox–Bohr effect is small, with only 1 pH unit between the fully
reduced and fully oxidized protein pK
a
values (Table 1B), and the
macroscopic reduction potentials of the cytochrome are essen-
tially unaffected by the pH (Figure 6).
Figure 5 Total and individual haem populations of the five redox oxidation
states (0–4) for Sfc at pH 5.5 (A) and 8.5 (B)
The curves were calculated as a function of the solution reduction potential using the parameters
listed in Table 1. Dashed lines indicate the sum of the populations of each microstate in each
oxidation stage. Solid lines indicate the total population, Pi, of the microstates in which haem I,
II, III or IV is oxidized (i¯ I–IV) in the intermediate oxidation stages (1–3). Arrows are
labelled from top to bottom according to the magnitude of the different Pi values.
Recently, the crystal structure for both oxidized and reduced
forms of a homologous small c-type cytochrome, isolated from
Shewanella oneidensis MR-1 (Soc) [54], was reported. This
cytochrome shares 69% sequence identity with Sfc and the
structure showed that the haem core architecture of the tetrahaem
cytochrome isolated from Soc is very similar to that previously
reported for Sfc [30]. Due to the high solvent accessibility and the
close interaction with the negatively charged Glu-31, it was
proposed that haem I in Soc is most likely to have one of the
lowest redox potentials of the four haem groups [54]. However,
as pointed out by the authors, other effects may counteract the
influence of the high solvent accessibility [54]. From our results
on Sfc, the order of oxidation measured experimentally is IV, II,
I and III, which is different from that proposed for Soc. Thus a
definitive comparison between the haem microscopic reduction
potential of Soc and Sfc will require a complete thermodynamic
characterization of Soc with structural assignment of the NMR
signals of the individual haems.
As noted above, the Sfc haem core architecture has similarities
with the N-terminal cytochrome domain of flavocytochrome c
$
isolated from the same bacterium, except in the position of haem
IV [13,30]. In addition to the structural similarity between the
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Figure 6 Macroscopic reduction potentials for Sfc calculated as a function
of pH
The macroscopic reduction potentials were calculated using the parameters listed in Table 1
and are numbered according to each stage of oxidation.
haem cores, there is a high degree of sequence identity (42%) and
the macroscopic reduction potentials of the Sfc (Figure 6) are
also similar to those ofSffcc
$
[31]. Based on all those observations,
the results obtained for Sfc may be rationalized to propose a
putative functional redox model for the Sffcc
$
.
The crystal structure of Sffcc
$
reveals that haem IV is the
closest (7.4 AI , edge-to-edge) haem group to the FAD cofactor
[13]. Thus the lower reduction potential of haem IV favours the
transfer of electrons to the FAD cofactor, in order that catalytic
conversion of fumarate to succinate occurs. In fact, haem IV in
the fully reduced and protonated Sfc has a microscopic reduction
potential of ®229 mV (Table 1), which is significantly lower
than that observed for FAD of Sffcc
$
[31] and, consequently, a
thermodynamically favourable electron transfer may occur from
haem IV to FAD. After transferring the electron to FAD, haem
IV becomes oxidized and the negative interaction involving this
haem and haem III increases the potential of the latter by 42 mV
(Table 1A). Thus the transfer of two electrons from the tetrahaem
domain to the FAD involves a thermodynamically unfavourable
electron transfer step from haem III to haem IV. However, haem
III in Sfc still has a more negative reduction potential than FAD
in Sffcc
$
, and thus the overall electron transfer process is
favourable. Furthermore, the reduction potentials of haems I and
II are also more negative than haem III ; thus a transfer of
electrons from these haems to haem III is also thermodynamically
favourable. Since the intramolecular electronic exchange between
the redox cofactors is fast, and given the microscopic redox
properties of Sfc, the tetrahaem domain of Sffcc
$
should allow a
facile flow of electrons across its full length from haem I to haem
IV to be donated to the FAD in the catalytic site.
As pointed out previously, within the cytochrome domain of
Sffcc
$
one endergonic electron transfer step is included along the
chain of redox centres. This is also found in the membrane-
bound fumarate reductases [55,56], in hydrogenases [57] and in
mitochondrial succinate dehydrogenases [58]. However, theor-
etical calculations indicate that this thermodynamic barrier
presents no significant obstacle to fast electron transfer [57].
Furthermore, in Sfc the microscopic redox potentials of the haem
groups are much more similar when compared with several cases
reported in the literature, namely for membrane-bound fumarate
reductases ([59] and references therein), hydrogenases [57,60],
Rhodopseudomonas iridis cytochromes [57,61] and mito-
chondrial succinate dehydrogenases [58]. In Sffcc
$
a much smaller
endergonic electron transfer step is needed for the electron
transfer within the chain of redox cofactors. This advantage,
coupled with short distances (3.9–8.0 AI , edge-to-edge) between
the neighbouring redox cofactors [13], should lead to a very
efficient electron transfer along the redox chain in Sffcc
$
.
Although the physiological redox partners of Sfc are still
unknown, the data presented in this work show that Sfc can act
as an electron wire between its redox partners due to the linear
spatial disposition and close proximity of the haem groups,
and the thermodynamic properties that allow electrons to flow
along the chain of haems in this protein.
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